Traditionally, the natural mortality rate (M) in a stock assessment has been assumed to be constant over years and ages. When M increases within an assessment, as has occurred in a number of Canadian cod stocks, the US Gulf of Maine cod stock, and the US Atlantic herring stock, the question arises how to change the fishing mortality rate target (Ftarget). Yield per recruit considerations lead to an increase in the Ftarget, while maximum sustainable yield considerations often lead to a decrease in the Ftarget. Neither approach is theoretically superior. Using results from the recent Gulf of Maine cod assessment and an example from the Georges Bank yellowtail flounder assessment, both approaches are examined. Problems are found with both the yield per recruit and maximum sustainable yield approaches, leading us to recommend either not allowing M to change within an assessment model or if M does change to base the Ftarget on the natural mortality rate considered most appropriate based on the life history traits of the species of interest.
Introduction
The natural mortality rate (M) in a stock assessment is a difficult parameter to estimate because it is not observed and is often confounded with other parameters within the model. Due to these difficulties in estimation, it has traditionally been assumed to be constant over years and ages. This has always been recognized as a simplifying assumption to allow other parameters to be estimated more precisely. The impacts of this assumption are small when M is small relative to the total mortality rate (Z), but become more important as M/Z increases. This approach has evolved over time with the advancement of stock assessment models to allow for either estimation of a changing M over time and age, or else assuming a change in M based on hypothesized changes in predation or disease. For example, a number of Canadian cod stock assessments allow M to increase over time based on the lack of stock recovery under low fishing pressure (Chaput, 2011) while the Atlantic herring stock in US waters assumed a 50% increase in M to account for large increases in estimated consumption by a dozen finfish species (NEFSC, 2012a) . Additionally, changes in M have been used to address retrospective patterns (Legault, 2009) , for example in the Eastern Georges Bank cod assessment (Wang and O'Brien, 2012) and in the 2012 Georges Bank yellowtail flounder assessment (Legault et al., 2012) . The US Gulf of Maine cod assessment uses both a constant M and M-change model to account for uncertainty in the underlying natural mortality (NEFSC, 2013) . In the case of the Georges Bank yellowtail flounder assessment, the M change was abrupt from one value in the early years to a much higher value in recent years.
No matter the source of the change in M, the implication of the change on the target fishing mortality rate (Ftarget) must be considered. There are two opposing possibilities when M increases within an assessment. One is to increase the target fishing mortality based on yield per recruit considerations (i.e., catch them before they die). Alternatively, the Ftarget is decreased based on life history and maximum sustainable yield considerations (i.e., the species can only withstand so much total mortality so an increase in M must be offset by a decrease in F). Both of these approaches have a long history and theoretical basis, but have obviously different impacts on catch advice in the short term. The two approaches can best be compared and contrasted using examples.
Gulf of Maine Cod Example
Stock assessments for the Gulf of Maine cod stock were conducted in 2011 (NEFSC, 2012b ) and again in 2012 (NEFSC, 2013 . The results of the two assessments were similar when M was assumed to be 0.2 for all years and ages. However, in the 2012 assessment, there was an additional model accepted which assumed M increased in a ramp pattern. The early years of the assessment (1982) (1983) (1984) (1985) (1986) (1987) (1988) assumed M equaled 0.2, then increased linearly to 0.4 between 1989 and 2003, and remained at 0.4 for the remaining years (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . This model, denoted the Mramp model, will be used as the basis for comparing the two approaches for estimating the target fishing mortality rate when the natural mortality rate changes within an assessment. The merits of the two accepted models are not considered in this paper.
The biological and fishery age vectors from the recent three years (2009) (2010) (2011) indicate maturity occurs before entry to the fishery and that there are many ages accumulated in the plus group (Table 1) . The plot of stock and recruitment estimates from this model does not indicate a strong relationship (Fig. 1) . Thus, a proxy for Fmsy was selected as F40%. For simplicity, in this paper the assessment stochastic projections to estimate MSY and Bmsy are replaced by simply multiplying the yield and spawning stock biomass per recruit by the average recruitment from 1982-2009 (10.214 million fish).
The calculations of the MSY proxy reference points depend on the choice of M. The SARC Panel recommended using M of 0.2 under the assumption that the recent increase in M was only a temporary condition (NEFSC, 2013) . However, the calculations can also be made assuming that M will remain at 0.4. The Fmsy proxy of F40% and proxies for MSY and Bmsy vary considerably depending on the value of M assumed ( Table 2) . As is typical, higher natural mortality rates result in higher F40% values. However, higher F and M result in lower equilibrium population abundance at age, as expected, with large changes in the contributions of older ages to spawning stock biomass ( Table 3 ). Note that all eight cases assume the same recruitment at age 1, meaning that expected recruitment is independent of spawning stock size even at the lowest levels observed in the table. At a given F, the spawning stock biomass per recruit is always lower for larger M, while the spawning potential ratio is always higher for larger M (Fig. 2) .
The replacement lines for these four M values plotted on the stock recruitment estimates show graphically the expected changes in SSB at equilibrium (Fig. 3) . This plot also demonstrates a problem with the stock recruitment relationship when M is changing. Specifically, if M increases rapidly at the end of the time series, the recruitment estimates can end up falling well below the unexploited replacement line (not shown). This is because the replacement lines assume entire cohorts have been subjected to the conditions used to create the SPR values. Since no cohorts ever experience constant conditions over their lifespan, except in simulations, replacement lines can be misleading and should be interpreted with caution.
Spawning potential ratios are not the only approach to determine biological reference points. Maximum sustainable yield can also be used to derive the reference points, but this requires a production function, typically a stock-recruitment relationship. This combination of per recruit and stock recruitment information to derive biological reference points is often referred to as the Sissenwine-Shepherd approach (Sissenwine and Shepherd, 1987) . The Gulf of Maine cod estimates of stock and recruitment spanned too small a range to allow direct estimation of a curve. However, there are a number of alternatives which can be used to create this relationship. For example, if the F40% under M=0.2 is assumed to be a valid proxy for Fmsy, then a steepness value of a Beverton-Holt stock-recruitment curve can be estimated which produces Fmsy equal to the F40%. In this case, the steepness estimate is 0.69, resulting in Fmsy of 0.18. The unfished recruitment, R0, can then be determined either to produce the same SSBmsy as the F40% proxy, or else through a fitting exercise to minimize the residuals. The former approach was taken here, because the interest was more in changes in the Ftarget than changes in recruitment at much higher biomasses.
When the stock recruitment curve is set based on M=0.2, as described in the previous paragraph, but M increases to 0.4, the Fmsy value decreases from 0.18 to 0.09. This is because the increase in natural mortality rate decreases the unexploited spawning stock biomass, resulting in a stock recruitment curve that effectively has a lower steepness. This occurs because the shape of the Beverton-Holt curve is steeper at smaller spawning stock sizes and the slope decreases monotonically. In the Gulf of Maine cod case, if M were to increase to 0.8 or 1.6, then the unexploited stock recruitment line would no longer intersect the stock recruitment curve in the positive quadrant, meaning there is no sustainable yield under these conditions. Thus, the maximum sustainable yield approach reduces the fishing mortality rate when M increases within an assessment, the opposite change from the yield per recruit approach described above.
The different approaches to setting the Ftarget have short term as well as equilibrium impacts. Most importantly, the change in Ftarget will change the short term catch advice, with higher F resulting in higher quotas in the short term. This directional change has caused some to argue for use of the yield per recruit approach because it will increase the quota relative to the MSY approach of reducing the F when M increases. Since it is generally accepted that short term projections should use the most recent estimate of M, along with the recent selectivity, weights at age, and fecundity, the change in Ftarget has an immediate directional impact, with higher Ftarget resulting in higher quotas next year (Fig. 4) . However, these short term gains in yield can be offset by reduced population size if future recruitment declines due to the reduced population size (Fig. 4) . The location of the MSY value relative to the 15 year projection using the stock recruitment relationship demonstrates that 15 years is not sufficient to reach equilibrium in these deterministic projections. Equilibrium yield is even lower than the 15 year line for the stock recruitment relationship when F is above Fmsy. Thus, the short term gains associated with high Ftarget values should be considered in light of potential losses in future yield if the high total mortality rate leads to lower recruitment in response to reductions in SSB.
Georges Bank Yellowtail Flounder Example
The 2012 assessment for Georges Bank yellowtail flounder conducted a thorough examination of the timing and magnitude of change in the natural mortality rate needed to eliminate the retrospective pattern (Legault et al., 2012) . The search found that a number of combinations could essentially eliminate the retrospective pattern and the one selected for demonstration purposes used M=0.2 for years 1973-2004 and M=0.9 for years 2005-2011 . This M time series of was applied to the data from the 2013 assessment for this demonstration, extending the high M to 2012. This example demonstration is not meant to replace the accepted assessment, it is provided for demonstration purposes only.
When applied to the 2013 assessment data, the retrospective pattern remained small (SSB rho = -5% and F rho = -9%). This large change in the natural mortality rate had a large impact on the recruitment estimates in recent years (Fig. 5) . The stock recruitment curve from the example assessment shows the typical scattered relationship (Fig. 6) . Plotting replacement lines associated with M values ranging from 0.2 to 0.9 shows most of the estimates stock and recruitment pairs above the low M replacement line and below the high M replacement line (Fig. 7) . The location of the stock and recruitment pairs relative to the replacement lines cannot be used to determine appropriate spawning potential ratio proxy for Fmsy (Legault and Brooks, 2013) , but are important when used with stock recruitment curves to determine equilibrium conditions. A range of Beverton-Holt stock recruitment curves were fit to the stock and recruitment pairs with nearly equal fits (Table 4, Fig. 8 ). The Beverton Holt SR curve was defined as R = alpha * SSB / (beta + SSB). Combining the stock recruitment curves with the range of M values allows estimation of the steepness associated with each SR curve and M as well as direct estimates of Fmsy values ( Table 5 ). Note that a number of the SR curves do not intersect with replacement lines associated with high M values, thus resulting in no equilibrium solutions for MSY reference points.
As can be seen in Table 5 , the curves were fit by fixing M=0.2 and steepness at values from 0.65 to 0.9 in steps of 0.05 and finding the unfished recruitment that minimized the residual sum of squares. These curves were then converted to the alpha and beta version of the Beverton Holt curve defined above and held fixed while M was allowed to change. Many other curves could have been fit to these stock and recruitment pairs with nearly equal fits. This approach was chosen to allow a simple ordering of the SR curves. The steepness values associated with a given SR curve decrease as M increases (Fig. 9) while the SR curves increase in steepness for a given M. Thus, the use of the steepness formulation for the Beverton Holt curve is problematic when M changes within an assessment because a given SR curve has different steepness values for differing M values. Application of meta-analysis results for similar stocks will be difficult as well. Conceptually, holding the SR curve fixed when M changes is similar to the standard fisheries approach of fitting a SR curve to estimated stock-recruit pairs when fishing mortality varies throughout the time series.
For each stock recruitment curve and natural mortality rate combination, there is one Fmsy which maximizes the equilibrium yield. This was found through a search over values of F from zero to two in steps of 0.01. The equilibrium yield was computed from the yield per recruit and intersection of the replacement line with that total mortality rate (natural plus fishing) with the SR curve for each F value. For a given SR curve, the Fmsy values can initially increase as M increases, but eventually will decrease to zero with a high enough M as the replacement line moves to the left of the SR curve (Fig. 10) . For a given M, higher steepness in the SR curve results in higher Fmsy, as expected. The associated MSY values decrease with increasing M, with SR curves 1 and 2 in combination with low M producing extremely high values (Fig. 11) . Similarly, the Bmsy values decrease with increasing M (Fig. 12) . All of the Bmsy values for M above 0.6 are well below historical catch amounts for this stock. Thus, using the most recent M in the example assessment of 0.9 results in low Bmsy and MSY regardless of which SR curve is used (some of the SR curves do not have equilibrium values because the replacement line for M=0.9 is to the left of the curves).
The ratio of Bmsy to unfished spawning stock biomass (Bmsy/B0) is surprisingly consistent, increasing with increasing M until the replacement line just barely intersects the SR curve (M=0.9 and SR curve 4; Fig. 13 ). These are not direct estimates of spawning potential ratios from per recruit analysis because they include the changes in recruitment associated with the SR curves. However, they do indicate that Fmsy is generally associated with reductions in the spawning stock biomass to between 25% and 45% of unfished conditions over a range of SR curves and M values for this example.
Cadrin (WP 26) recommends comparing the equilibrium expectations with historical productivity. These equilibrium values for a range of F between zero and two are compared to the observed values of spawning stock biomass, fishery yield, and fishing mortality rate (Fig.  14) . These plots demonstrate the problem with this recommendation when M changes within an assessment. Despite the SR curves having quite similar fits to the stock and recruitment pairs, the equilibrium lines associated with the curves vary dramatically. For SR curve 1, none of the equilibrium SSB or yield lines as a function of F follow the trajectory of the VPA SSB (denoted "Observed" based on Cadrin's notation). However, the M=0.3, 0.4 and 0.5 lines on the yield versus spawning stock biomass plots for SR curve 1 do pass through the observations. As the SR curves increase in steepness, the values of M which pass through the SSB and yield as a function of F observations increase. In the yield versus spawning stock biomass plots, the equilibrium curves are only plotted for values of F up to 2.0, demonstrating the higher F are needed for many of the curves to pass through the observations. Given that M has substantially increased from 0.2 to 0.9 in this example, it is unclear to us how to use these figures to help determine which Fmsy value is appropriate as none of the equilibrium curves with M=0.9 pass through the middle of the observations. We do not think the equilibrium lines should be expected to pass through the middle of the observations because the observations were mostly derived from M=0.2 conditions. This highlights yet another difficulty with allowing M to change dramatically within an assessment, the relationships between historical and current productivity are not easy to interpret especially under equilibrium conditions.
Discussion
Both the yield per recruit approach, which increases the Ftarget as M increases, and the maximum sustainable yield approach, which eventually decreases the Ftarget as M increases, can result in extreme Ftargets when M increases substantially. Fishing targets of >2 or <0.01 are not reasonable for long-lived gadoids like cod. The fact that these two extremes are encountered under the same high M condition, but depend only on the approach used to define the reference point, means that neither approach is obviously more correct than the other. It is hard to understand how Ftargets could change so dramatically when M increases within an assessment because there is not enough time for evolution to occur and the species to adopt a new life history to account for this change in M (nor would there be a reason for the species to adapt if the change in M was strictly to address a different problem in the assessment causing a retrospective pattern). If instead, the change in M is considered as another fishing fleet which cannot be controlled, then perhaps the best a manager can do is to manage at the rate that would be appropriate were that fleet to go away, meaning fish at the rate appropriate for the life history of the species (denoted Fcon in Fig. 4) .
In some parts of the world, natural mortality is held constant over time in stock assessments despite estimates of changes due to predation by other species. For example, stock assessments conducted by the Alaska Fisheries Science Center hold M constant over time in all their single species stock assessments. These single species stock assessments are used to set the biological reference points which serve as the starting point for catch advice. Multispecies stock assessments have been conducted which provide time and age-varying estimates of M for some species (e.g., Livingston and Methot, 1998; Hollowed et al., 2000; Jurado-Molina et al., 2005) . These models generally provide some ecosystem considerations that have functionally served to evaluate the level of precaution built into the catch advice arising from the single species stock assessments. This approach avoids the difficulty of determining biological reference points when natural mortality changes over time within an assessment.
There are a number of rules of thumb in fisheries that describe how to act generally. One such rule is that Ftarget=M is an appropriate fishing mortality rate. This is generally true over a wide range of life histories. However, it encounters difficulty when M is changing within an assessment because the ability to estimate M and the non-stationarity of M mean that predicting the correct Ftarget will be challenging. There are also other rules of thumb related to M. For example, M/K is generally considered to be a constant value for a species. Under this rule, an increasing M within an assessment should be associated with an increased growth rate of the species. Similarly, a species with a given M should have a fecundity strategy that allows each adult to replace itself. So when M increases within an assessment, either the fecundity of younger fish or the survival of the eggs produced by these younger fish should increase (assuming F is constant). Finally, M is often related to maximum observed age in a population. An increase in M should reduce the maximum observed age in the population (again, assuming F is constant). In the case of Gulf of Maine cod, no substantial changes have been observed in growth, maturation or maximum age in the population (NEFSC, 2013) . The absence of life history trait changes can confound the interpretation of assumed changes in M within a stock assessment. Thus, rules of thumb are useful guides but must be kept in context of their origin before they can be applied to the situation of an increasing M within an assessment.
Recommendations
We recommend using natural mortality rates that do not change over time. This avoids the difficulty of estimating how much this parameter changes over time and the difficulty of setting biological reference points which vary depending on the approach taken to address the change in natural mortality. If the natural mortality rate is allowed to change over time within an assessment, we recommend basing the biological reference points on the natural mortality rate considered most appropriate for the life history of the species. This avoids large scale changes in the reference points as transient changes in the natural mortality rate occur, providing for more stable management.
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